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MgO thin films are deposited by chemical vapor deposition from the precursor magnesium
N,N-dimethylaminodiboranate, Mg(H;BNMe,BHj3),, and water at a substrate temperature of 270—
350 °C. Highly conformal coatings with 98% step coverage in trenches of aspect ratio 9 are
obtained at a substrate temperature of 270 °C and a growth rate of 7.5 nm/min, most notably
through the use of a forward-directed flux, in which some of the precursor molecules travel ballisti-
cally down the recessed feature, strike the bottom, and are scattered there to create a virtual source.
The deposition conditions can also be adjusted to afford a growth rate up to 200 nm/min with
reduced conformality. Most of the films have a dense and column-free microstructure with low
surface roughness; the film density, measured by a combination of Rutherford backscattering spec-
trometry and scanning electron microscopy, is 82%—-86% of bulk. Films grown on Si substrates
have good adhesion and a low coefficient of friction (~0.1) in nanoscratch measurements. The
refractive index of the films is slightly lower than that of bulk MgO, consistent with the reduced
physical densities. Depending on the growth conditions, the C content in the films varies between
0.7 and 6 at. %, and the B content ranges from 1 to 16 at. %. B in the film is present in the B,O;
chemical state; after subtracting the O content in B,03, the O/Mg ratio = 1.02 in the MgO matrix. A
film grown at a temperature of 270 °C and a growth rate of 6 nm/min has a dielectric constant of 9.5

and a breakdown strength of 6 MV/cm. Published by the AVS. https://doi.org/10.1116/1.5040855

I. INTRODUCTION

MgO is an attractive insulating material with a wide band
gap (7.7eV)," a high dielectric constant (9.9),> and good
thermal stability (melting point 2825 °C).”> These properties
make MgO an attractive choice as a dielectric material for
capacitors in integrated circuits and DRAMs and for capaci-
tive coupling of cables in wireless network towers.* MgO is
also useful as a plasma wall material,’ e.g., in plasma display
panels, which require a film thickness of >0.5 um.® and as a
coating in optical waveguides, which for certain wavelengths
require a film thickness in the micron range.” A manufactur-
ing requirement for these applications is that high quality
films must be deposited at a rate on the order of 10 nm/min
or higher. In some of these applications, the substrate has a
complex geometry, which further requires that the coating be
conformal (of uniform thickness) on all surfaces. In addition,
the growth temperature must be <400 °C to avoid exceeding
the thermal budget of the substrate components.

Gas phase methods, such as chemical vapor deposition
(CVD) or atomic layer deposition (ALD), are capable of con-
formal coating on complex or recessed structures: when
growth is limited by the surface reaction rate, the deposition
precursor can diffuse through the gas phase to all surfaces,
both external and internal. However, no report of MgO film
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growth by CVD or ALD (Table I and references therein)
documents the simultaneous achievement of high growth
rate, high conformality, low substrate temperature, and good
solid-state properties. Sputter deposition can afford MgO
film growth at up to 300 nm/min, but the conformality has
not been reported (and is expected to be poor)."®

We recently demonstrated the CVD of MgO from a
novel precursor, magnesium N,N-dimethylaminodiboranate,
Mg(H;BNMe,BH;),, abbreviated as Mg(DMADB),.'”'%-?°
This molecule has the highest volatility (vapor pressure ~0.8
Torr at 25°C) of any known Mg-containing molecule;”!
hence, it can be delivered to the growth reactor without the
aid of a carrier gas. At low growth temperatures, the compe-
tition between precursor and water for surface adsorption
sites enables film growth in trenches that is perfectly confor-
mal or even superconformal, i.e., growth is faster at depth
than near the opening.”® In this report, we explore the use of
this precursor at higher substrate temperatures and water
fluxes, in order to achieve fast growth of MgO films with
good optical, electrical, and mechanical properties and good
step coverage (conformality) in deep trenches. We take
advantage of a recent discovery, in which superconformal
films can be obtained by a forward-directed flux method,*?
in which some of the precursor molecules travel ballistically
down the recessed feature, strike the bottom, and are scat-
tered there to create a virtual source. Here, by aligning the
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TaBLE 1. Mg-containing CVD (or ALD) precursors, MgO growth rate, and solid-state properties.

Tsubstrate Growth rate Breakdown field
Precursor °C) (nm/min) Step coverage (aspect ratio) Refractive index Dielectric constant (MV/cm) Reference
Mg(CsHs), 80-350  0.12nm/cycle (ALD) — — 10.8 1.7-5.5 8
Mg(CsH4Et), 125400 0.14 nm/cycle (ALD) — — — —
Mg(CsHyMe), 400-550 20-50 — — — — 10
Mg(tmhd), 650740 1.7-8.3 — 1.71 — — 11
Mg(acac), 480680 30 — — — — 12
Mg(hfa),TMEDA  550-675 1.4-1.6 — — — — 13
Mg(dpm),TMEDA 600 1.2 — — — — 14
Mg,Me,(O'Bu), 400-800 1.1-1.7 — —_ — — 15
Mg(***ButAMD),  225-275 0.08 nm/cycle (ALD) — 1.74 9.8 5 16
Mg(DMADB), 225-800 1-20 90% (15:1) at 225 °C 1.72 at 600 nm — — 19
Mg(DMADB), 270-350 6—200 98% (9:1) at 270 °C 1.67 at 600 nm 9.5 6 This work

precursor injection tube with the axis of trench structures on
the substrate, we obtain a high degree of conformal coating.

Il. EXPERIMENT

Film growth is conducted in a turbo-pumped, cold-wall
CVD system with a base pressure of 5x 10™® Torr, most of
which is H,. The substrate is radiatively heated by a tungsten
wire mounted behind the substrate; the temperature is in the
range of 270-350 °C, measured by a K-type thermocouple
mounted on the substrate holder. The Mg(DMADB), precur-
sor is synthesized by G.S.G.?" and kept in a Pyrex container
adapted to a stainless-steel fitting. The mass flow of precur-
sor is controlled by heating the source container to various
temperatures up to 40 °C; Ar carrier gas is used in selected
experiments as noted below. The precursor delivery tube is
heated to 70 °C to avoid condensation on tube walls. In
selected experiments, the gate valve above the turbo pump is
throttled to maintain a higher process pressure inside the
reactor. Deionized water at room temperature is used as
the coreactant; the water injection rate (partial pressure) is
controlled using a needle valve. Precursor and water are sup-
plied through separate stainless-steel tubes (4 mm i.d.) that
point towards the substrate holder and terminate at 7 cm away
from the substrate surface. Substrates are offset by ~1cm
from the point where the axis of the delivery tubes meets the
substrate holder, so for trench surfaces, only a portion of the
incident flux is well aligned with the axis of the trenches.

The partial pressures of Mg(DMADB), and H,O are
the average values inside the reactor measured before the
growth experiments with only precursor or only water
flowing. Within the pressure range used in the present
experiments (<100 mTorr), the Mg precursor does not react
with water on the room temperature reactor walls; hence,
the consumption of reactants should take place only on hot
surfaces of the substrate holder. Growth rate measurements
are done on 1.5 x 1.0 cm planar Si wafers that are cleaned
using standard solvents (acetone and isopropyl alcohol)
without removing the native oxide. For conformal coating
studies, lithographically defined microtrenches with SiN walls
are used. The step coverage (degree of conformality) of MgO
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coating in trenches is calculated as the ratio of film thickness
at the bottom sidewall to that at the top sidewall.

Film microstructure and thickness are determined using
cross-sectional scanning electron microscopy (SEM). The
refractive indices are derived from ex situ variable angle
spectroscopic ellipsometry (VASE) data acquired at incident
angles of 50°, 60°, and 70°, and fit to the Cauchy equation.23
The film thickness during growth is determined from in situ
spectroscopic ellipsometry (SE) data using the derived
indices and a multilayer optical model consisting of Si sub-
strate, native oxide on Si, and the MgO film; surface and
interfacial roughness layers are not included in the optical
model. In calibration experiments, the film thickness mea-
sured by ellipsometry is within +5% of that determined from
SEM cross-sectional images. The reported film growth rate is
the final thickness divided by the duration of growth; this
calculation assumes that there is no nucleation delay, which
we verified by real-time SE in the growth chamber. X-ray
photoelectron spectroscopy (XPS) is used to identify the
chemical state and elemental composition in the film.
Rutherford backscattering spectrometry (RBS) is used to
measure the areal density of Mg atoms; this areal density is
divided by the SEM thickness to afford the bulk density of
the Mg sublattice. MgO films grown at <350 °C appear to be
amorphous as judged by x-ray diffraction.

Film adhesion is studied by nanoscratch measurements
with a conospherical diamond tip of radius 1um. The
applied normal load is 10 mN with a ramp rate of 0.33 mN/s;
the lateral displacement (scratch) rate is 8.3 um/s.

Electrical characterization is performed on metal-insulator-
metal (MIM) capacitors (Fig. 1) prepared as follows. First,
200 nm of Au is deposited by e-beam evaporation onto the
Si0,/Si substrate. Then 200 nm of MgO film is deposited
from 3 mTorr Mg(DMADB), and 8.8 mTorr H,O at 270 °C
for 33 min (growth rate = 6 nm/min). A portion of the under-
lying Au layer is masked during MgO deposition so that it
can later be contacted electrically. Finally, circular areas of
Au (diameter = 1 mm, area="7.9 x 107 cm?) are deposited as
the top contact by e-beam evaporation through a shadow
mask with circular holes. C-V and I-V measurements of the
MIM capacitors are performed with a probe station equipped



051504-3 Talukdar et al.: Conformal MgO film grown

contact pad

200nm Au

200 nm Au
300 nm SiO,

Si

Fic. 1. Schematic of MIM capacitor fabricated using MgO film and Au
contact pads.

with micromanipulators, a semiconductor parameter analyzer
(Agilent 4155C), and an LCR meter (Agilent 4284A).

IIl. RESULTS AND DISCUSSION
A. Growth rate and film stress

We find that high MgO deposition rates of 90-200 nm/
min can be achieved by CVD from the magnesium precursor
Mg(DMADB), and water, provided that the temperature of
the SiO,/Si substrate is relatively high (300-350 °C) and an
Ar carrier gas is employed to increase the flux of Mg
(DMADB), (growth conditions for films A—C are shown in
Table II). The resulting films are smooth, dense, and free of
any columnar microstructure (Fig. 2). At a growth tempera-
ture of 300 °C, the film growth rate increases from 90 nm/
min (film A) to 200 nm/min (film B) upon doubling the Ar
carrier flow rate for the Mg precursor from 4 to 8sccm.
Under the latter conditions, longer growth times afford
thicker films, but the films delaminate from the SiO,/Si sub-
strate when the thickness exceeds 0.7 um (not shown).

Film delamination can result from growth (intrinsic) stress
or thermal (cooling) stress.”* The known thermal expansion
coefficients for Si [2.6x107%°C (Ref. 25)] and MgO
[12.6 x 107%°C (Ref. 26)] can be used to calculate the
thermal stress. When the film is cooled from the growth tem-
perature (300 °C) to room temperature, the strain on the films
due to thermal mismatch is tensile and large, 0.27%. For
films grown at 300 °C, the net interfacial stress for film thick-
nesses above 0.7 um evidently exceeds the adhesion strength
of the film to substrate, causing delamination.

The intrinsic growth stress in films depends (in an
unknown way) on the substrate temperature and may change
from tensile to compressive at a higher temperature.”’” We
find that, for an increased substrate temperature of 350 °C

TaBLE II. Growth conditions for films deposited at a very high rate using a
carrier gas (Ar) for Mg(DMADB), precursor.

Growth
Mgo Tprccursor Tsubslralc QAr P Ar P H,0 tgroth rate
film °O) (°C)  (sccm) (mTorr) (mTorr) (min) (nm/min)
A 40 300 4 70 70 10 90
B 40 300 8 205 70 2 200
C 40 350 12 340 70 15 133
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FiG. 2. Cross-sectional SEM images of the films A (a), B (b), and C (c), grown
as specified in Table II. To compensate for the charging effect in SEM, films
cross sections are sputter coated with an Au-Pd alloy, which shows up as
nodules on the film cross section [(a) and (c)]. For (c), the rough cross section
of the film is due to the physical breaking of the thick (2 um) sample.

and an increased Ar carrier flow rate of 12 sccm for the Mg
(DMADB), precursor, the growth rate is 133 nm/min and the
film can be grown to a thickness of 2.0 um without any
delamination [Fig. 2(c)]. Thus, these growth conditions
modified the growth stress such that, in combination with
the stresses due to thermal contraction, delamination was
avoided. It is also possible that the strength of the bond with
the substrate was enhanced. The reduction in growth rate in
film C is due to the competitive surface adsorption at a
higher precursor flux that tends to inhibit MgO growth.*”

B. Nanoscratch tests

Nanoscratch measurements on a film grown at 350 °C
(film C) show that the lateral force increases only very grad-
ually with increasing normal load up to about 1.5 mN, then
with greater slope up to the maximum load of 10 mN, which
corresponds to an indentation depth of 660 nm (Fig. 3). The
ratio of lateral to normal force—the coefficient of friction—
is only ~0.1 for a normal load of 1.5mN. This value is
slightly lower than that of TiN film, a benchmark material.*®
The absence of large force discontinuities is significant: typi-
cally for hard materials, the onset of failure occurs by film
delamination with large cracks or peel-off and a corresponding
jump in the lateral force.”” However, at a lateral force of about
0.4 mN [black arrow in Fig. 3(b)] the lateral force becomes
noisy which is probably the onset of delamination. The corre-
sponding normal load [Fig. 3(a)] is ~3 mN, which we identify
as the critical load for failure. The maximum Hertzian contact
pressure under the center of the tip can be calculated based on
the spherical diamond tip of radius 1 um and literature values
of the elastic modulus and Poisson’s ratio for bulk MgO.*® For
the load of 3 mN, the pressure is ~47 GPa. The nanoscratch
results suggest that the MgO films are highly promising for
applications that require a sliding contact, such as capacitive
couplers that undergo mechanical assembly.

C. Conformality

We recently demonstrated two different approaches to
grow oxides in trenches that are perfectly conformal or even
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Fic. 3. Nanoscratch test on film C. (a) Normal force and normal displace-
ment for a maximum load of 10 mN. Inset: optical microscope image of the
scratch mark. (b) Corresponding lateral force and lateral displacement. The
black arrow in (b) marks the time when the lateral force becomes noisy, indi-
cating the onset of delamination failure.

superconformal: (1) by employing precursor-rich growth
conditions and taking advantage of the different mass-
diffusion rates of the precursor and water coreactant in the
gas phase’**>'* or (2) by employing forward-directed
reactant fluxes that create a virtual source at the bottom of
the trench, which affords bottom-up filling.”>*' In the
present work, we employ both strategies: we use precursor-
rich growth conditions, and both precursor and water are
injected through doser tubes pointing towards the substrate
in order to maximize the forward-directed fluxes. In our
other work using the same experimental system, the fraction
of forward-directed flux was approximately 40% of the total
flux impinging on the substrate.”

We grew films without using any Ar carrier gas in order
to quantitatively determine how conformality varies with the
partial pressure of the Mg(DMADB), precursor. The growth
conditions and corresponding growth rates (7.5-25 nm/min)

TaBLE III. Growth conditions for films deposited at a moderately high rate
without carrier gas.

Growth
Mgo Tprecursor Tsubstrate P Mg(DMADB), P H,O t, growth rate (I’II'I]/
film °O) °O) (mTorr)  (mTorr)  (min) min)
D 35 270 125 19.2 4 25
E 35 270 12.5 10 6 16
F 35 270 12.5 7.1 15 7.5
G 23 270 3 8.8 10 6
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Fic. 4. Cross-sectional SEM images of the coating profile inside trenches.
(a) Aspect ratio 2.5 (left) and 5 (right) using the growth conditions of film
D. (b) Aspect ratio 2.5 (left) and 3.5 (right) using the growth conditions of
film E. (c) Aspect ratio 4.5 (left) and 9 (right) using the growth conditions
of film F. Films grown as specified in Table III.

are listed in Table III. Film D, in which the water partial
pressure is higher than the precursor partial pressure (a water
rich condition), affords a step coverage of only 70% in a
trench with a low aspect ratio of 2.5 [Fig. 4(a)]. By contrast,
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film E, grown with lower water partial pressure (a precursor-
rich condition), has step coverages of 94% and 85% in
trenches with aspect ratios of 2.5 and 3.5, respectively
[Fig. 4(b)]. To obtain a near unity step coverage in higher
aspect ratio trenches, the water to Mg partial pressure is further
reduced in film F, which affords a step coverage of 98% in a
trench with aspect ratio 9 [Fig. 4(c)]. The latter occurs at a film
growth rate of 7.5 nm/min. Even with slightly tapered trench
sidewalls [the case in Fig. 4(c)], it is difficult to avoid the for-
mation of a low density seam along the centerline;'’**!
however, the filling is otherwise void-free. In other work, we
demonstrated that a growth inhibitor molecule can be
coflowed with deposition reactants to improve the fill in deep
trenches by eliminating pinch-off at the opening.®'~**

D. Composition

XPS analyses for selected films are listed in Table IV; the
O contribution from surface hydroxyl groups is subtracted to
determine the O content in the bulk of the film.** The boron
content increases from 1at.% for films grown at 270 °C
(film D) to 13—-16at. % for films grown at higher substrate
temperatures of 300-350 °C (films A, B, and C). This result
is attributed to the decomposition of the DMADB ligand on
the surface at the higher temperature. The carbon content of
1-5 at. % follows no clear trend, but seems to increase with
an increase in the total pressure used; the higher pressure
may increase the scattering of byproduct molecules (amino-
diboranes and hydrogen) back onto the surface.

The MgO phase appears to be essentially stoichiometric.
The wide scan XPS spectra for film D, after 3 min of sputter-
ing to remove surface carbon contamination, shows small C
Is and B Is peaks; no N 1s peak is observable [Fig. 5(a),
inset]. The high-resolution O 1s peak at the film surface is
deconvoluted into two peaks [Fig. 5(b)]: O 1s in MgO
(530.5eV) and O 1s in B,05 plus -OH groups (532.2eV);
the latter cannot be distinguished because the binding ener-
gies overlap. However, the high-resolution B 1s peak has a
binding energy of 192.4 eV, which corresponds to the B,O3
chemical state [Fig. 5(c)]. The B 1s peak is used to scale the
O content in B,0j3; after subtracting this O contribution, the
O/Mg ratio (=1.02) in film D is stoichiometric within the
error limits. However, we cannot determine from the data
whether there is also a component of magnesium borate,
Mg;B,0g; if present, this phase would slightly shift the O/
Mg ratio of the MgO phase.

TaBLE IV. XPS atomic concentrations (at. %) in selected films; the O
contribution from surface hydroxyl groups is subtracted to determine the O
content in the bulk of the film. Films grown as specified in Tables II and
111

Film Mg (0] C B
A 33 53 0.7 13
B 29 53 4.0 14
C 28 50 5.7 16
D 46 49 34 1.4
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Fic. 5. (a) XPS wide scan spectra of the MgO film D, after argon sputtering
for 6 min. Inset: N 1s high-resolution peak. (b) O 1s high-resolution peak at
the film surface. Black squares are experimental data and the solid lines are
fitted data. (c) B 1s high-resolution peak at the film surface. Films grown as
specified in Table III.

E. Optical properties and film densities

The refractive indices of the films, when compared with
that of bulk MgO?® (Fig. 6), were analyzed with an effective
medium approximation consisting of bulk MgO plus void.”’
The best fit density varied from ~84% of bulk (films B and
G) to ~90% of bulk (films D and F). The film densities as
measured by a combination of RBS and SEM, 82%-86% of
bulk, are in excellent agreement with the refractive index
results.

F. Electrical properties

The growth conditions used for the MgO film in the MIM
capacitor (Fig. 1) are the same as those in film G (Fig. 7);
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Fic. 6. Refractive indices of films obtained using ex situ VASE. Films grown
as specified in Tables II and III.

the film growth rate is 6 nm/min. The C-V measurements for
two MIM capacitor dots (labeled as 1 and 2), at a frequency
of 1 MHz, afford relative dielectric constants of 9.5 and 9.0,
and breakdown fields of 6.0 and 4.4 MV/cm, respectively
(Fig. 8). The lower values for dot 2 may be due to a local
defect. Nonetheless, the values compare well with literature
values for MgO films grown by ALD (Table I).

IV. CONCLUSION

Highly conformal MgO is deposited at a high growth rate
(up to 200 nm/min) at substrate temperatures of 270-350 °C
from the Mg precursor, Mg(DMADB),, with H,O as the
oxidant. When deposited at 350 °C, the film stress is low
enough, and the bonding to the Si substrate is strong enough,
to grow an adhesive MgO film that is 2 um thick. Conformal
growth on microtrenches can be achieved by employing
a forward-directed flux under precursor-rich conditions at
270°C; a step coverage of 98% is obtained in a trench of
aspect ratio 9 at a growth rate of 7.5 nm/min. Films deposited
at higher temperatures of 300-350 °C grow quickly (>90 nm/
min) but incorporate some boron as B,Oj3; those deposited at
lower temperatures of 270 °C grow at lower rates (7-25 nm/
min) and have low (~1 at. %) boron contents. The refractive

Fic. 7. SEM image of film G (the same growth conditions used to make the
MIM capacitor). Film grown as specified in Table III.
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FiG. 8. Electrical measurements of a 200 nm thick MgO film grown using
the same conditions as film G (growth rate = 6 nm/min). (a) Capacitance as a
function of applied voltage at a frequency of 1 MHz. (b) Leakage current as
a function of applied voltage. Film grown as specified in Table III.

indices are lower than bulk MgO due to a physical density
that is ~85% that of bulk. The dielectric constant and electri-
cal breakdown strength agree well with literature values for
MgO thin films.

The results obtained in this work suggest that MgO can
be deposited by CVD in applications that require rapid
growth of conformal, thick films of high dielectric quality on
complex substrate shapes.
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